Endogenous cannabinoids modulate neurotransmitter action and release in the brain. The effects are exerted on membrane permeability to Ca 2ϩ and K ϩ via protein kinase A (PKA). Cannabinoid CB 1 receptors are present at the synaptic terminals of cones in goldfish retina. We investigated the effects of CB 1 receptor agonist WIN 55212-2 on voltage-gated currents of goldfish cones. Whole-cell currents were recorded with conventional-patch-clamp methods in goldfish retinal slices. Depolarizing pulses elicited inward I Ca and I outward that contained several components: I K , I A , and I Cl . WIN 55212-2 (Ͻ1 mM) enhanced I K , I Cl , and I Ca , while at Ͼ1 mM, I K , I Cl , and I Ca were suppressed. The voltage-activation ranges of these currents were not affected. All effects of WIN 55212-2 were blocked by the CB 1 receptor antagonist SR 141716A as well as the PKA inhibitor Wiptide. The enhancing effect of WIN 55212-2 was blocked selectively by 0.5 nM cholera toxin and the suppressive effect was blocked by pertussis toxin. The results obtained from long and short single cones and double cones were basically the same. Cannabinoids, via CB 1 receptor and PKA, dose-dependently enhance I K , I Cl , and I Ca by a pertussis-toxin insensitive G s and suppress these currents by a pertussis-toxin sensitive G i0o in cones. This biphasic regulation may provide a mechanism to inhibit constitutively active CB 1 receptors in the presence of a high concentration of ligand. Thus, neuronal excitability appears to be affected by cannabinoids at the first synapse of the visual pathway and could account for some of the visual effects of marijuana.
Introduction
Cannabinoids, the psychoactive components of the marijuana plant (Cannabis sativa), act through two families of inhibitory G-protein coupled receptors, CB 1 R and CB 2 R (Felder & Glass, 1998; Ameri, 1999 , for reviews). CB 1 receptors are distributed primarily in neural tissue (Devane et al., 1988) , whereas CB 2 receptors are found predominately in immune cells (Munro et al., 1993) . CB 1 receptors in the mammalian central nervous system (CNS) are enriched in the hippocampus, basal ganglia, cerebellum, pyriform, and cerebral cortices (Herkenham et al., 1991; Ameri, 1999) . Although there have been numerous studies on the therapeutic use of cannabinoids in the treatment of glaucoma, pain, motor deficits, and chemotherapy-induced nausea (Voth & Schwartz, 1997, for review) , interest in cannabinoid research increased following the isolation of endogenous ligands for cannabinoid receptors, for example, arachidonylethanolamide (anandamide) (Devane et al., 1992 ) and 2-arachidonoylglycerol (2-AG) (Mechoulam et al., 1995) . These endogenous ligands are G-protein coupled; in general, they inhibit adenylate cyclase (Howlett & Fleming, 1984; Felder et al., 1993; Vogel et al., 1993; Howlett & Mukhopadhyay, 2000 for review) and are hydrolyzed by fatty acid amide hydrolase (FAAH), a membrane bound enzyme (Deutsch & Chin, 1993; Mechoulam et al., 1998 , for reviews).
Marijuana has long been known to affect vision. It decreases color-match limits and visual acuity while it increases photosensitivity and induces double vision (Kiplinger et al., 1971; Dawson et al., 1977; West, 1991; Reese, 1991; Consroe et al., 1997) . There is also increasing evidence that these effects are due to the presence of an endogenous cannabinoid system in the retina. For example, CB 1 receptor agonists stimulate dopamine release from the guinea pig retina (Schlicker et al., 1996) . CB 1 receptor expression has been detected in the rat retina by in situ hybridization and RT-PCR (Buckley et al., 1998; Porcella et al., 1998) . Hydrolysis of anandamide occurs at twice the rate in the porcine retina as in brain (Matsuda et al., 1997) and fatty acid amide hydrolase is widely distributed in the rat and goldfish retinas Studholme et al., 2000) . CB 1 receptor immunoreactivity was de-scribed in the retinas of nonmammals and mammals, in which it appears associated with photoreceptors and bipolar cells (Straiker et al., 1999; Yazulla et al., , 2000 . A putative anandamide biosynthesis precursor, N-arachidonylphosphatidylethanolamine, was identified in bovine retina (Bisogno et al., 1999) while 2-AG was detected in rat retina (Straiker et al., 1999) . Finally, cannabinoid agonists suppress voltage-dependent potassium currents and calcium currents in retinal bipolar cells, effects blocked by the CB 1 antagonist SR 141716A (Straiker et al., 1999; Yazulla et al., 2000) .
CB 1 receptors are G-protein coupled, typically via G i0o although evidence has accumulated also for activation of G s (Glass & Felder, 1997) . Cannabinoid agonists suppress voltage-dependent calcium current~I Ca ) in hippocampal neurons (Twitchell et al., 1997; Shen & Thayer, 1998; Sullivan, 1999) , neuroblastoma cells (Caufield & Brown, 1992; Mackie & Hille, 1992) , and salamander retinal bipolar cells (Straiker et al., 1999) . Cannabinoids have different effects on different types of voltage-dependent potassium currents~I K ). For example, inwardly rectifying (Mackie et al., 1995 , McAllister et al., 1999 ) and A-current potassium channels (Deadwyler et al., 1995) are activated by cannabinoids, whereas other voltage-dependent potassium channels are suppressed (Poling, et al., 1996; Hampson et al., 2000; Schweitzer, 2000) . Neurotransmitter release affected by cannabinoids includes both excitatory and inhibitory transmitters: acetylcholine, noradrenaline, dopamine, 5-hydroxytryptamine, g-aminobutyric acid, glutamate, and aspartate (Schlicker & Kathmann, 2001 for review). However, much less is known about the effects of cannabinoids on retinal neurons and their mechanism of action.
In goldfish retina, Yazulla et al. (2000) found that I K in large ON-type Mb bipolar cells was rapidly and reversibly inhibited by micromolar ( mM) concentration of cannabinoid CB 1 receptor agonists CP 54490 and (ϩ)-WIN 55212-2; these effects were blocked by the CB 1 antagonist SR 141716A. As the synaptic terminal of cone photoreceptors also contains patches of membraneassociated CB 1 receptor immunoreactivity, we investigated the effects of WIN 55212-2 on membrane currents of cones. We found that WIN 55212-2 induces a biphasic modulation of voltagedependent currents, I Cl , I Ca , and I K , in the inner segment of cone photoreceptors that involves activation of G s at low concentrations and G i0o at higher concentrations.
Methods

Subjects
Goldfish (Carassius auratus), 8-10 cm standard body length, were stored in aquaria at 228C on a 12-h on012-h off light cycle. Water was aerated and circulated continuously through an activated carbon0polyester filter system. Goldfish were fed with Total Goldfish(tm) flake food (Wardly Co., Secaucus, NJ).
Solutions and chemicals
The normal saline contained 140 mM NaCl, 4 mM KCl, 1.2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES, pH 7.4 adjusted with NaOH. Unless otherwise stated, the pipette solution contained 20 mM KCl, 70 mM D-gluconic-K, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM ethylene glycol-bis ( b-aminoethyl ether) N,N,N ' ,N ' -tetraacetic acid (EGTA), 4 mM adenosine triphosphate (ATP, K-salt), 1 mM guanosine triphosphate (GTP, Na-salt), 0.2 mM 3 ' ,5
' -cyclic guanosine monophosphate (cGMP, Na-salt), 20 mM phosphocreatine (sodium salt), 50 u0ml creatine phosphokinase, and 5 mM HEPES, pH 7.4 adjusted with KOH. The ATP regenerating system (ATP, phosphocreatine, and creatine phosphokinase) was necessary for recording a stable I Ca . To record I K , the pipette solution contained 140 mM K-gluconate (or K-acetate), 0.1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM EGTA, 1 mM ATP (K-salt), 1 mM GTP (Na-salt), and 5 mM HEPES, pH 7.4 adjusted with KOH. NaCl in the bath solution was substituted with equimolar Na-gluconate or Naacetate. I Cl was absent and the bath solution contained such a low concentration of Ca 2ϩ that I Ca was absent as well (Thoreson et al., 1997 . To record I Cl in the absence of I K , the pipette solution contained 140 mM CsCl, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM EGTA, 1 mM ATP (K-salt), 1 mM GTP (Na-salt), and 5 mM HEPES, pH 7.4 adjusted with CsOH. NaCl in the bath solution was substituted with equimolar CsCl.
WIN 55212-2 and SR 141716A were dissolved in pure dimethylsulfoxide (DMSO) to produce stock solutions of 5 mM. Just prior to the experiment, stock solutions were diluted to 1-5 mM in the physiological saline, resulting in 0.02%-0.1% DMSO in the saline bath. Alternation between salines that contained 0%, 0.02%, or 0.1% DMSO had no effect on currents recorded from the cones. However, during the recordings, the concentration of DMSO was kept constant before, during the addition, and washout of cannabinoid ligands.
Pertussis toxin (PTX) was injected intraocularly 24 h prior to the experiment. Goldfish were anesthetized with water containing 0.02% 3-aminobenzoic acid ethyl ester (MS-222) and wrapped in wet towels. 5 ml of PTX saline solution (10 mg0ml) was injected intraocularly with a 30-gauge hypodermic needle. Fish were allowed to recover and then returned to a holding tank until the next day.
WIN 55212-2 was obtained from Sigma (St. Louis, MO) and Tocris (Ballwin, MO); the results obtained were the same. A PKA inhibitor, Walsh Inhibitor Peptide (Wiptide), was obtained from Peninsula Laboratories (Belmont, CA). Other chemicals were from Sigma.
Preparation and recording
Prior to dissection, fish were dark adapted 1 h, killed by cervical transection, and the eyes were enucleated under dim red light. Our procedure for obtaining goldfish retinal slices has been described elsewhere (Fan & Yazulla, 1999) . Briefly, after the lens and iris were removed, the ventral one-third of the eyecup was cut, placed photoreceptor-side up on a strip of Millipore filter, after which the sclera and choroid were removed. The retina, together with the filter paper, was cut into 300-mm-thick slices using a razor blade advanced by a micrometer. The slices were soaked in a solution containing 20% L-15 culture medium (GIBCO, Grand Island, NY) and 80% NaCl saline at 48C for 1 h in the dark. A slice, still attached to the Millipore filter, was rotated 90 deg and the two ends of the filter were embedded in petroleum gel tracks in the experimental chamber (Model RC-22C of Warner Instrument Co., Manden, CT). The volume of solution in the chamber was about 0.3 ml.
Slices were perfused with NaCl saline at 228C at a rate of about 1.5 ml0min and viewed through a Zeiss 63X, long-working distance (1.3 mm), water-immersion objective. Whole-cell currents were recorded with a conventional patch-clamp method (Hamill et al., 1981) . Patch electrodes were pulled in two stages with a vertical electrode puller (Model PP-83, Narishige, Tokyo, Japan) using thin-wall, microchematocrit capillary tubes (Fischer Scien-
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S.-F. Fan and S. Yazulla tific, Pittsburgh, PA) with an inner diameter of 1.1-1.2 mm. The tip resistance, measured in the bath, was between 3 and 10 MV; the seal resistance ranged from 1 GV to 20 GV. A patch-clamp amplifier (Model Axopatch 200A), pClamp software (version 8.0), and Digidata data acquisition instrument (Model 1322A) of Axon Instruments (Foster City, CA) were used. The junction potential was corrected (Fenwick et al., 1982) and the series resistance was corrected (70%) with the series-resistance correction on the patch amplifier. The digitized-current data were stored in an IBM PC compatible computer. Data are presented as the mean 6 standard error relative to control. The initial component of the outward currents in control medium was suppressed by 2 mM 4-aminopyridine (4AP) indicating an A-current. The holding potential was Ϫ70 mV; depolarization pulses were from Ϫ60 mV to ϩ39 mV in ten steps. The I-V relations of these records are shown in B for 1 ms and 60 ms after the onset of the voltage pulse. The I-V relations show a monotonically increasing function with a prominent dip at voltage steps between Ϫ40 mV and ϩ10 mV. The addition of 4AP markedly reduced the current amplitudes measured at 1-ms delay, but had no effect on the I-V curves taken at 60 ms. C: The outward currents, recorded in the presence of 1 mM Co 2ϩ , were partially blocked by TEA chloride, indicating the presence of I K(V) . The holding potential was Ϫ70 mV; depolarization pulses were from Ϫ60 mV to ϩ48 mV in ten steps. D: The outward currents elicited by depolarization pulses with the pipette filled with TEA chloride reversed their polarity after substituting NaCl in the bath with equimolar Na-acetate. This result shows that outward currents with cell bathed in NaCl-saline have a component carried by Cl Ϫ . The holding potential was Ϫ70 mV; depolarization pulses were from Ϫ60 mV to ϩ48 mV in ten steps.
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initial fast-activating component with a time constant of 0.28 6 0.05 ms~n ϭ 7). As other currents gradually developed, the inactivation constant of this current is not certain. This component was suppressed by 2 mM 4-aminopyridine (4AP) (Fig. 1A) , indicating that it was an A-current~I A ). The I-V relations of these currents ( Fig. 1B) shows that 4AP reduced the amplitude of the currents evoked early in the voltage pulse ( Fig. 1B -a, a ' ) but had no effect on current amplitudes measured at the end of the voltage pulse ( Fig. 1B-b, b ' ). A tail current, as illustrated in Fig. 1A , usually ran down within 5-20 min. Therefore, changes in the tail current with time may not have been due to pharmacological agents. The reversal potential of the tail current was in the range of Ϫ30 mV to Ϫ40 mV, indicating that it was a chloride current. The outward current I out was partially blocked by tetraethylammonium (TEA, substituting Na ϩ in the saline) in the presence of 1 mM Co 2ϩ (Fig. 1C) suggesting the presence of non-calcium-activated voltage-dependent K ϩ -current~I K(V) ). The polarity of I out was reversed if the pipette solution contained TEA chloride instead of KCl or D-gluconic-KCl and the bath solution contained Na-acetate instead of NaCl (Fig. 1D ). This result shows that I out had a component that was carried by Cl Ϫ . The I-V relationship showed a pronounced nonlinear component when the membrane potential was depolarized from ;Ϫ40 to ;ϩ10 mV with a holding potential of Ϫ70 mV. The dip was eliminated by 1 mM Cd 2ϩ (Figs. 2A & 2B) . Three I-V relationships are illustrated in Fig. 2C : (a) control I-V from A, (b) ϩ 1 mM Cd 2ϩ from B, and (c) the control I-V relation from A that was fit only with voltage steps that excluded Ϫ38 mV to ϩ 20 mV. Two methods were used to estimate I Ca and they yielded nearly identical curves (Fig. 2C) . In the first case, the normalized I-V curve obtained in the presence of Cd 2ϩ was subtracted from the total I-V curve. In the second case, the total I-V relation was fit only with voltage steps that excluded Ϫ38 mV to ϩ20 mV, that is, steps that would not or only minimally activate I Ca . This function was then subtracted from the total I-V curve to yield an estimate of I Ca . This is similar to the leak-subtraction technique used to estimate I Ca in salamander and goldfish cones (Barnes et al., 1993; Verweij et al., 1996) , and it compares very favorably with the estimate of I Ca obtained by subtracting the I-V relation in the presence of 1 mM Cd 2ϩ from the total I-V relation. In addition to blocking I Ca , Cd 2ϩ also induced a downward shift of the I-V curve, indicating that there may have been Ca 2ϩ -activated components in I out . The effect of Cd 2ϩ persisted after the Cl Ϫ in both the bath and pipette solutions were reduced to about 1 mM, suggesting the presence of a potassium component~I K(Ca) ). This component was not studied further; Maricq and Korenbrot (1990) found no evidence for I K(Ca) in lizard cones. The calciumactivated chloride current~I Cl(Ca) ) of goldfish cones has a very slow activation period (Verweij et al., 1996) and was not a factor in the 60-ms voltage steps used in this study. . At a concentration of 1 mM, there was a null effect of WIN 55212-2, indicating an interaction between opposing mechanisms of near-equal potency. Maximal suppression of about 30% was observed at 2 mM for both I Ca and I out . However, I Ca appeared to be more sensitive to enhancement by WIN 55212-2 than I out ; 0.3 mM WIN 55212-2 enhanced I Ca by about 50%, but had no effect on I out . The cannabinoid CB 1 receptor antagonist SR 141716A (1-2 mM) blocked the enhancing effect of 0.3-0.7 mM WIN 55212-2 on both I out and I Ca (Figs. 5A & 5B, n ϭ 5) as well as the suppressive effect of 3 mM WIN 55212-2 on I out and I Ca (Figs. 5C & 5D, n ϭ 3). Application of SR 141716A by itself had no effect on the cone currents, indicating that SR 141716A acted as a CB1 antagonist but did not display inverse agonist actions as observed in other preparations (Pan et al., 1998; Shire et al., 1999) .
I out is a composite of currents, including I Cl and I K . These components were analyzed separately in the following manner. Calcium-dependent currents were blocked by not including the ATP-regenerating components in the pipette solution. I Cl was then exposed by suppressing I K ; Cs ϩ was substituted for K ϩ in the pipette, and TEA ϩ was substituted for Na ϩ in the bath. The effects of WIN 55212-2 in this condition~n ϭ 7) were similar as on I out , that is, concentrations Ͻ1 mM enhanced I Cl~n ϭ 3) and concentrations Ͼ1 mM suppressed I Cl~n ϭ 4). I K was isolated by suppressing I Cl ; gluconate ion or acetate ion were substituted for Cl Ϫ in the pipette and bath solutions. The effects of WIN 55212-2 in this condition also were similar as on I out~n ϭ 6), that is, concentrations Ͻ1 mM enhanced I K~n ϭ 3) and concentrations Ͼ1 mM suppressed I K~n ϭ 3). These results indicate that WIN 55212-2 had comparable biphasic effects on I Cl and I K , two components of I out . As such, additional experiments treated I out as a single current and further attempts were not made to differentiate subcomponents of I out .
No differences in cone types were observed. Similar data on the biphasic modulation of I Ca and I out were obtained from short single cones~n ϭ 56), long single cones~n ϭ 27), and double cones~n ϭ 10). We did not record from miniature short single cones nor did we determine the spectral type of the long single cones or double cones.
Transduction pathways of the effects of WIN 55212-2
Both I Ca and I out were increased by forskolin Forskolin at 3-30 mM is a rapid and reversible activator of adenylate cyclase (i.e. Daly et al., 1982; Wiedenkeller & Sharp, 1983; Bouhelal et al., 1985) . The addition of 10 mM forskolin (Fig. 6) into the bath solution reversibly increased both I Ca (1.29 6 0.03, n ϭ 3) and I out (1.40 6 0.13, n ϭ 5) compared to control. Perfusion with the inactive form 1,9-dedeoxyforskolin (10 mM, n ϭ 3) had no effect on either I Ca or I out . These data indicated that both currents were activated by protein kinase A (PKA). A possible pathway for the observed effects on I Ca and I out is CB1 receptor r G protein r adenylate cyclase r cyclic AMP r PKA. The effect of relevant inhibitors or activators of this pathway were tested individually. The outward currents were increased by WIN 55212-2 at concentrations Ͻ1 mM, as illustrated here for 0.7 mM, and were decreased at concentrations Ͼ1 mM, illustrated for 2.0 mM (B). Separate cones are illustrated in A and B. The effect of WIN 55212-2 appears to be mostly on the amplitude of I out ; the activation ranges appear unaffected. Note that control amplitudes were achieved with washout of WIN 55212-2. C: Illustrates for 33 cones (mean 6 S.E.M.) the biphasic effect of WIN 55212-2 on the relative amplitude of steady state outward current before and after application of WIN 55212-2. No effect is indicated by 1.0 on the ordinate, enhancement by Ͼ1 and suppression by Ͻ1. A concentration of 1 mM appeared to indicate a crossover from enhancement to suppression.
Effects of Wiptide, cholera toxin, and pertussis toxin
With 10 mM of the PKA inhibitor, Wiptide, in the pipette, the effects of low (0.3 mM, Fig. 7A , n ϭ 4) and high concentrations (2 mM, Fig. 7B , n ϭ 3) of WIN 55212-2 were suppressed. I-V functions for the control and experimental conditions in the presence of Wiptide were identical, indicating involvement of PKA in the modulation of I out and I Ca .
Cholera toxin (CTX) increases the activity of adenylate cyclase (Cassel & Selinger, 1977; Gill & Meren, 1978) . With the addition of 0.5 nM CTX (Fig. 8) , the depolarization-elicited current was increased on average by about 25%. The effects were comparable in short single cones (1.20 6 0.07, n ϭ 4), long single cones (1.27 6 0.11, n ϭ 3), and double cones (1.31 6 0.08, n ϭ 3). However, in the presence of 0.5 nM CTX, low concentrations of WIN 55212-2 decreased I out and I Ca to 0.75 6 0.07~n ϭ 8) of control, as opposed to enhancing these currents under control conditions. The suppressive effect of 2 mM WIN 55212-2 was still observed (0.84 and 0.76 of control) in the presence of 0.5 nM CTX. These data demonstrate that 0.5 nM CTX had little effect on the high-concentration suppression induced by WIN 55212-2, but selectively blocked the low-concentration enhancement, indicating that the enhancement of the whole-cell currents induced by low concentrations of WIN 55212-2 was mediated by G s .
Pertussis toxin (PTX) catalyzes the ADP-ribosylation of the G-protein G i family, and G o a-subunits that mediate the receptorcoupled inhibition of adenylate cyclase. After treating the retina with PTX (Table 1) , high concentrations of WIN 55212-2 increased I Ca (1.45 6 0.10, n ϭ 8) as well as I out (1.21 6 0.09, n ϭ 8). Furthermore, 1 mM WIN 55212-2 that is usually neutral with respect to modulating the currents substantially increased both I Ca (1.56 6 0.15, n ϭ 3) and I out (1.45 6 0.13, n ϭ 5) indicating that suppression of the whole-cell current that was induced by higher concentrations of WIN 55212-2 was mediated by G i0o . PTX had no effect on the enhancement of whole-cell currents induced by low concentrations (0.3-0.7 mM) of WIN 55212-2~n ϭ 4).
Discussion
Depolarization-elicited membrane currents
The outward currents I out of retinal cone inner segments of tiger salamander (Barnes & Hille, 1989; Thoreson et al., 1997 Thoreson et al., , 2000 Stella & Thoreson, 2000) and lizard (Maricq & Korenbrot, 1990) have chloride and potassium components. A main difference in the that, in addition to Shakerlike Kv1.4 channels, underlay A-type potassium currents (Sheng et al., 1992) . Thus, most probably the initial rapid outward current of the cone is an A-current.
Biphasic modulation of ionic currents by WIN 55212-2
All the effects of WIN 55212-2 on goldfish cones were blocked by the antagonist SR 141716A, indicating that the effects were mediated by CB1 receptors (Di Marzo et al., 1998) . We observed no difference in cone types. This is consistent with our observation that membrane bound CB 1 receptor immunoreactivity was found on the synaptic terminal of all cones but no rods . In goldfish cones, WIN 55212-2 had biphasic effects on three voltage-dependent membrane currents, I Ca , I K , and I Cl . It enhanced the currents at concentrations lower than 1.0 mM but suppressed them at higher concentrations. It appeared that I Ca was more sensitive to enhancement by low concentrations of WIN 55212-2 than the outward currents, I K and I Cl . An effect of WIN 55212-2 or other cannabinoid ligands on I Cl has not been reported in previous studies. The results concerning I Ca and I K reported in this paper differ in some respects from those reported in other preparations. For example, an enhancement of I Ca has not been reported. Rather, CB 1 agonists suppress N-and Q-type calcium currents in a variety of preparations (Mackie & Hille, 1992; Mackie et al., 1993 Mackie et al., , 1995 Pan et al., 1996; Twitchell et al., 1997) and L-type calcium currents in salamander retinal bipolar cells (Straiker et al., 1999) . WIN 55212-2 and other cannabinoids enhance A-type and inwardly rectifying potassium currents (Deadwyler et al., 1993 (Deadwyler et al., , 1995 Henry & Chavkin, 1995; Mackie et al., 1995; McAllister et al., 1999; Mu et al., 2000) . The TEA-sensitive outward current recorded here (Fig. 1C) likely included the delayed rectifier~I K(V) ). Poling et al. (1996) reported that cannabinoid agonists suppressed Shaker-related Kv1.2 K ϩ channels with an EC 50 of about 2.5 mM. This is relevant because Shaker-like Kv1.2 immunoreactivity is present on the inner segments of goldfish cones (Yazulla & Studholme, 1998) and Kv1.2, along with Kv1.1 and Shab-like Kv2, underlay I K(V) (Stuhmer et al., 1989) . These latter two subunits are not particularly enriched on goldfish cones (Yazulla & Studholme, 1998) .
The biphasic modulation of three voltage-dependent membrane currents in goldfish cones might be due to a coupling of CB1 receptors to two transduction pathways with different efficiencies, one suppresses and the other enhances the currents. This will be discussed in the following section. 
Pathways mediating the biphasic effects of WIN 55212-2
The following results support the involvement of PKA in the actions of WIN 55212-2: (1) The PKA inhibitor, Wiptide, blocked the effects WIN 55212-2 at low (enhancement) and high (suppressive) concentrations, (2) 0.5 nM CTX blocked the enhancing effect of low concentrations of WIN 55212-2, and (3) PTX blocked the suppressing effect of high concentrations of WIN 55212-2. From these results we conclude that (1) the pertussis toxin-insensitive G s protein is involved in the low-concentration induced enhancement, and (2) the pertussis toxin-sensitive G i0o protein is involved in the high-concentration induced suppression of membrane currents by WIN 55212-2.
It has long been demonstrated that a number of receptors couple to both G s and G i0o including the opioid µ-, d-, and k-receptors (Gintzler & Xu, 1991) , a 2 -adrenoceptor (Eason et al., 1992) , m4 muscarinic acetylcholine receptor (Dittman et al., 1994) , dopamine receptor (Kimura et al., 1995) , prostaglandin receptor EP3D (Negishi et al., 1995) , thyrotropin receptor (Allgeier et al., 1997) , and angiotensin II AT 1 receptor (Bharatula et al., 1998) . It has also been known for almost 20 years that activation of CB 1 receptor inhibits adenylyl cyclase by activating a pertussis toxinsensitive G i0o (Howlett & Fleming, 1984; Howlett & Mukhopadhyay, 2000 for review) . More recently, positive coupling of CB 1 receptor to adenylyl cyclase through pertussis toxin-insensitive G s protein has been described (Glass & Felder, 1997; Maneuf & Brotchie, 1997; Calandra et al., 1999) . In the human embryonic kidney, HEK293 cell line coexpressed with a 2A -adrenoceptors and G proteins, the EC 50 of receptors coupled to G i is 0.09 nM while that to G s is 70 nM (Chabre et al., 1994) . It seems reasonable to suggest that the biphasic effects of WIN 55212-2 on goldfish cones are also due to different efficiencies of coupling of CB 1 receptor to G i0o and G s . If so, the efficiencies of coupling of CB 1 receptor to G s would be stronger than that to G i0o , because at low concentration, WIN 55212-2 enhanced the currents. Interestingly, cannabinoids have biphasic effects on behaviors, for example, locomotion and aggression, on which they are stimulatory at low concentrations and inhibitory at high concentrations (Sulcova et al., 1998) . Alternatively, it is possible that goldfish cones contain two CB receptor types that have different affinities to WIN 55212-2 and are coupled to G s or G i0o . Although we have no data to test this idea in goldfish retina, Breivogel et al. (2001) reported the presence of receptors in the brain of CB1 receptor knockout mice that have both anandamide and WIN 55212-2 as agonists and SR141716A as an antagonist. However, this new CB receptor is insensitive to CB1 antagonist AM251 and is distinct from CB1 receptors (Hájos et al., 2001) . It is also distinct from vanilloid 
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Potential function of the biphasic modulation
WIN 55212-2 modulates I K , I Cl , and I Ca . In the brain, endogeneous cannabinoid receptor ligands serve as neuromodulators, whereby, through their effects on presynaptic K ϩ channels and Ca 2ϩ channels, they modulate neuronal excitability and neurotransmitter release (Di Marzo et al., 1998) . Changes in I K should result in a shortening or lengthening of the recovery time of photoreceptor responses at the offset of a light stimulus, thus shaping the cone OFF response. This should have a prominent effect on the transmission of temporal signals from cone photoreceptors to the second-order neurons. Modulation of I Cl by WIN 55212-2 would have two effects: changes in membrane potential and in I Ca , which, in turn, will affect the tonic and0or the transient release of glutamate (Thoreson et al., 1997 Kamermans & Spekreijse, 1999 for review). Thoreson et al. (2000) reported that Cl Ϫ efflux inhibited calcium channel open probability in salamander cone photoreceptors. As such, it is possible that the increase of I Ca in goldfish cones by low concentrations of WIN 55212-2 may be caused by an increase in Cl Ϫ influx. The increase in [Ca 2ϩ ] i would cause a further increase in the Cl Ϫ conductance by activating a Ca 2ϩ -sensitive Cl Ϫ conductance. This would push the membrane potential towards the Cl Ϫ equilibrium potential, which normally is less negative than the resting membrane potential. However, an increase in [Ca 2ϩ ] i will also increase the Ca 2ϩ -sensitive K ϩ conductance which will hyperpolarize the membrane. The net result will be a stabilization of the membrane potential.
We now add cannabinoids to the growing list of neuromodulators that affect voltage-gated currents in photoreceptors, including protons, nitric oxide, somatostatin, dopamine, and adenosine, among others (Barnes et al., 1993; Kurreny et al., 1994; Akopian et al., 2000; Stella & Thoreson, 2000; DeVries, 2001; Stella et al., 2002) . Interestingly, in salamander cones, both I K and I Ca were enhanced by 100-500 nM somatostatin (Akopian et al., 2000) . These effects were blocked by pretreatment with PTX, indicating the involvement of PTX-sensitive G i0o in the enhancement. This differs from our findings with cannabinoids in which the enhancement of currents was mediated by G s . It is certain that there are multiple modulators of membrane currents in goldfish cones that are likely to function either synergistically or under different levels of light adaptation. For example, we suggest that dopamine function is induced with increasing background levels and cannabinoid function would be induced with decreasing background levels.
Activity-dependent modulation of synaptic transmission has been shown in several brain regions; depolarization of neurons Fig. 8 . Effect of cholera toxin (CTX). 0.5 nM CTX alone enhanced the outward current by 1.25 6 0.05. A,C: In the presence of 0.5 nM CTX, low concentrations of WIN 55212-2 (0.3 mM) slightly decreased I out and I Ca rather than enhance them. B,D: 0.5 nM CTX had no effect on high concentrations of WIN 55212-2 (2 mM,) that decreased I out and I Ca as observed in normal conditions. Thus, 0.5 nM CTX blocked the enhancing effect of 0.3 mM WIN 55212-2 but not the suppressive effect of 2 mM WIN 55212-2.
induces a transient suppression of inhibitory or excitatory input. These are called depolarization-induced suppression of inhibition (DSI, Llano et al., 1991; Pitler & Alger, 1992) and of excitation (DSE, Kreitzer & Regehr, 2001a; Maejima et al., 2001) , respectively. DSI and DSE are expressed presynaptically as a suppression of neurotransmitter release. In DSI and DSE, signals must be transmitted retrogradely from the depolarized postsynaptic neurons to the presynaptic terminals (Alger & Pitler, 1995; Schlicker & Kathmann, 2001; Alger, 2002 for reviews) . Endocannabinoids, by modulating I Ca , mediate such retrograde signals at inhibitory synapses in both the hippocampus (Ohno-Shosaku et al., 2001 , 2002 ) and the cerebellum (Kreitzer & Regehr, 2001b , Diana et al., 2002 Yoshida et al., 2002) and at excitatory synapses in the cerebellum (DSE, Kreitzer & Regehr, 2001a; Maejima et al., 2001; Ohno-Shosaku et al., 2002) . Cannabinoids, through presynaptic action on the release of GABA and acetylcholine in the hippocampus, appear to play a critical role in the plasticity known as long-term potentiation (Davies et al., 2002, for review) . The light-dependent plasticity of horizontal cell spinules in teleost fish is only partially dependent on dopamine, in that there must be another "dark" signal to fully retract the spinules to dark levels (Kohler & Weiler, 1990; Yazulla & Studholme, 1995) . It is possible that endocannabinoids, through their actions on cones, participate in this "dark" mediated event.
The source of retinal endocannabinoids is not known. It is likely that they are present in cells that contain the degradative enzyme fatty acid amide hydrolase (Egertová et al., 1998) . For goldfish retina, these cells include cones, ON-type mixed rod0cone bipolar cells, and Müller's cells . There is thus the possibility that cones are modulated by retrograde signaling from bipolar cells and Müller's cells or, novel for cannabinoids, by autoregulation.
Cannabinoid receptors are constitutively active, able to transduce biological signals in the absence of ligand (Landsman et al., 1997; Pan et al., 1998; Nie & Lewis, 2001) . As a consequence, there is a basal level of cannabinoid "tone" that would be enhanced by low levels of agonist acting on G s . However, high levels of agonist, by acting on G i0o , would have an inhibitory action and thereby offset the basal level of activity that exists in the absence of ligand. Thus, the biphasic activation of CB 1 receptors by agonists may be an important regulatory mechanism to inhibit a constitutively active system when the endogenous ligand achieves high levels. It remains to be determined how such a mechanism would affect retinal processing. It is clear, however, that cannabinoids have potent effects on voltage-gated currents in retinal cones, at the first synapse in the visual pathway. The consequent modulation of transmitter release and shaping of the cone responses to light may play a role in the effects of cannabis on visual abilities.
